A new optical fiber flow velocity sensor was developed by using an optical fiber information network system in sewer drainage pipes. The optical fiber flow velocity sensor operates without electric power, and the signals from the sensor can be transmitted over a long distance through the telecommunication system in the optical fiber network. Field tests were conducted to check the performance of the sensor in conduits in the pumping station and sewage pond managed by the Tokyo Metropolitan Government. Test results confirmed that the velocity sensor can be used for more than six months without any trouble even in sewer drainage pipes.
INTRODUCTION
Flood damage has been increasing in recent years (Tokyo Metropolitan Government 2007) due to excessive water inflow into the sewage system from sudden heavy rain related to abnormal weather patterns. As a countermeasure, there is an urgent need to create a megalopolis-scale system capable of real-time monitoring of water flow in sewage ditches in order to feed the excess water back to storage pumps, etc.
The objective of the present research is to develop, and evolve up to a practically feasible configuration, an optical fiber flow velocity sensor usable for the system that will monitor the flow rate in real time from the flow velocity readings in the sewer ditch pipe in combination with an industrially available optical fiber level gauge (Izumo & Matsuda 2005) .
The optical fiber flow velocity sensor head is composed of a non-electric source and thus the sensor can be installed, for example, in a sewage ditch pipe where severe explosion-proof properties are imposed. Since a Fiber Bragg Grating 1 (FBG) distortion sensor (Xu et al. 1993 ) is used, an existing sewage optical fiber network is usable for communications between the sensor section and transducer (hereinafter "center device"). Such features facilitate configuration of a line system and, making good use of its distinctive multi-point connections, of long-distance transmission. Furthermore, the use of FBG having the same measuring principle as the optical fiber level gauge makes it possible to share the center device. doi: 10.2166/wst.2009.654 1 Fiber Bragg Grating (FBG): this is a so-called "Optical Strain-Gage", applied in the field of sensing. Thanks to successive refractive index changes provided in the longitudinal direction on a single-mode optical fiber core, only those waves that are of a length coinciding with the period are reflected, while the others pass through without sensing the periodic refractive index. Figure 1 shows the configuration of the sensor section of the optical fiber flow velocity sensor. As illustrated, the upstream pressure receiving plate is subjected to force from the flow and transmits that force to the FBG where the resulting extensional distortion generates a shift in the light ray reflection wavelength. Typical characteristics are a halfvalue width of 0.2 nm and reflection factor of 90% or more.
The FBG wavelength shift is caused not only by distortion but also by temperature. Therefore correction is made by deducting wavelength shift of FBG for temperature that is not subjected to force. To offset the influence of the force from water pressure, a downstream pressure receiving plate is provided in the load transmission mechanism.
Measurement of flow velocity
Electromagnetic, ultrasonic and electric output types of sensors are mainly used for measuring the velocity of large flow rates. The present research, however, adopts an optical output type sensor. Having a non-electric source of power, this type has excellent explosion-proof properties and is also economical because the existing optical fiber network can be used for communications.
For determining the optimum velocity measurement method, we contrived different ways of applying mechanical distortion to the FBG, and compared them with each other.
The "drag sensor and FBG distortion sensor" combination was suitable for utilization in the sewage environment.
Thus, we selected this method, and adopted the shape depicted in Figure 1 in the preceding section. Figure 3 shows the optical fiber flow velocity sensor system used in the present research. A ray output from the light source of the ray wavelength measuring section passes through, and is reflected by, the reference wave- 
System configuration

Basic specifications (target values)
When using optical fiber as a sensor, mainly distortion and temperature can be measured as physical quantities. As there are no preceding examples of its use for a flow velocity sensor, data from ultrasonic flow velocity sensors that are generally used in drainage was retained as the target values for comparison. Table 1 gives the respective specifications.
Flow velocity conversion method
The optical fiber flow velocity sensor is intended for measuring a point velocity only at a point subjected to force of the upstream pressure receiving plate. A point velocity alone is not sufficient for obtaining an intended flow rate. There are several methods for converting a point velocity into mean velocity. In this research, we adopted a utility expression that is a conversion expression taking into account the sewage environment. The conversion expression is shown below.
Relationship between a point velocity and mean velocity (Tanaka 1997a,b) Vm ¼ Kp·Vp ð1Þ The calculation expression for correction coefficient is
n: Roughness coefficient 
RESULTS
Functional evaluation of sensor Table 3 indicates the results of functional evaluation of the sensor. The maximum error denotes a maximum wavelength difference in percentage at a plotted point from the approximate curve divided by the full-scale value (difference in wavelength at additional load of 19.6 N).
Since the primary measurement parameter of the sensor is the load (drag), we evaluated in accordance with a standard of the electrical load cell performance test 
Results of demonstration test
We conducted a test in an actual sewage pipe in cooperation with the Tokyo Metropolitan Sewerage Service Bureau in order to grasp the utility, merits and problems in commercial application of the test piece to field sewage facilities.
It is about 2.8 km between the sensor and the measuring instruments in a straight line. But, in demonstration test, transmission distance along the existing optical fiber cables is about 8.5 km. Thus, we were able to grasp the situation in the sewage system.
In Figure 11 flow velocity measureed by the fiber optic sensor and the flow velocity measured by the ultrasonic sensor showed a similar trend.
Comparative results for flow rate
Subsequently, the corrected velocity (hourly mean) of the optical fiber flow velocity sensor was converted into a flow rate, and the total flow rate data for every hour of existing ultrasonic flow meters was compared. Here, the flow rate using the optical fiber flow velocity sensor was obtained by multiplying the mean velocity converted ('Flow velocity conversion method') from the a point velocity of the optical fiber flow velocity sensor by the cross-sectional area obtained using the water level information from the optical fiber level gauge. The calculation expression for flow rate is: In Figure 12 sewage pipe was completely filled up from 20:00 to 21:00, so it considered that influence of upward pressure in the pipe caused large difference of optical measurement and ultrasonic measurement.
Figures 12 and 13 confirm that the flow rates calculated using the data from the optical fiber flow velocity sensors show almost the same trends in flow rate variations as in the data from the ultrasonic flow meters, and thus could be safely relied upon.
Resistance of sensor to environment
An investigation was made to determine the resistance of the sensor to the environment. Figure 14 indicates the status immediately after installation and Figure 15 indicates after six months. Sludge accumulation was visually inspected periodically.
As a result, there was no sludge accumulation to hamper the flow. Somtimes there was some sludge accumulation around the sensor, but it was confirmed that any sludge accumulated around the sensor was removed by a large flow.
Thus, the sensor is considered to be safe for use in sewage pipes.
Test in sewage pond (open channel)
In a sewage environment, not only the pipe interior, but also various other conditions can be assumed. So, tests were carried out in environments that differed from those used for the demonstration tests described in previous sections. meter retained as a reference for comparison, an electromagnetic type was adopted due to its higher accuracy compared to the aforementioned ultrasonic type. Figure 16 shows how the sensor was installed, and Figure 17 gives the results of flow velocity measurement when wastewater was allowed to start flowing in. As is evident from Figure 17 , small velocity variations were captured from the start of inflow, thus proving the feasibility of real-time measurement featured by the optical fiber flow velocity sensor.
In the near future, we will inspect comparision of Optical type and electromagnetic type in this site.
CONCLUSIONS
The present research confirmed the feasibility of flow velocity measurement in a long-term wastewater environment by long-distance transmission using an existing optical fiber cable network in the sewage pipes. The effectiveness of To widen the scope of application for various sewage environments, the ongoing comparison of pond flow data will be continued to validate its effectiveness.
